Notch signaling is active in many sites, and its diverse activities must require tissue-specific intermediaries, which are largely unknown. In the intestinal epithelium, Notch promotes crypt cell proliferation and inhibits goblet cell differentiation. Pharmacologic studies suggest that the latter effect occurs through the transcription factor Math1/Atoh1, which specifies all intestinal secretory cells. We tested this hypothesis using mouse mutants. Genetic loss of the Notch effector RBP-J alone increases all intestinal secretory lineages, with variation between proximal and distal gut segments. This secretory cell excess observed with RBP-J loss was blocked in the absence of Math1 in RBP-J Fl/Fl ;Math1 Fl/Fl ;Villin-Cre (ER-T2) mice. Loss of both factors also restored progenitor replication, proving that Math1 is epistatic to Notch signaling in both secretory cell differentiation and crypt cell proliferation. Investigating mechanisms downstream of Math1, we found that expression of the known Notch effector protein Hes1 was predictably lost in RBP-J ؊/؊ mice but surprisingly recovered in RBP-J;Math1 compound conditional mutants. Furthermore, the cell cycle inhibitors p27 Kip1 and p57 Kip2 were selectively overexpressed in duodenal and ileal crypts, respectively, in RBP-J-deficient mice. Regional activation of these products was completely abrogated in the absence of Math1. Thus, all intestinal Notch effects channel through the tissue-restricted factor Math1, which promotes secretory differentiation and cell cycle exit by regionally distinct mechanisms. Our data further suggest that, besides transmitting Notch signals, the transcription factor Hes1 acts downstream of Math1 to regulate expression of cell cycle inhibitors and intestinal crypt cell replication.
Stem and progenitor cells proliferate briskly in the crypts of the self-renewing gut epithelium and differentiate into two major lineages, absorptive and secretory cells, which populate villi in the small intestine (1) . Absorptive enterocytes of a single type digest and absorb nutrients, whereas three distinct types of secretory cells, goblet, Paneth, and enteroendocrine (EE), 2 produce mucus, antimicrobial peptides, and various hormones, respectively. Against a background of rapid cell turnover, replication and differentiation of progenitors must be coordinated precisely. The Wnt signaling pathway plays a seminal role in these events and in intestinal cancers (2) . Recent studies further implicate Notch signaling in intestinal epithelial homeostasis, again with possible implications for cancer. Zebrafish mutants deficient in Notch signaling and mouse embryos lacking the Notch target and effector product Hes1 increase secretory cell numbers at the expense of enterocytes (3, 4) , suggesting that the Notch pathway directs cell fate choices. Gain and loss of Notch function in mice provide further evidence of its role in repressing secretory differentiation (5-7), although it is unclear if Notch is absolutely necessary for enterocyte specification or maturation. Additionally, inhibition of Notch activity by drugs or gene targeting potently arrests proliferation of crypt progenitors and induces impressive goblet cell metaplasia. Pharmacologic inhibition of Notch converts adenomas in Apc Min mice into postmitotic goblet cells (5) . Thus, the sum effect of Notch signaling in the mammalian intestine is to promote crypt cell proliferation and inhibit secretory lineage differentiation.
The cell fate decisions and progenitor properties that Notch controls in diverse tissues (8, 9) are probably mediated by distinct tissue-specific factors, most of them unknown. The intestine-and nervous system-specific basic helix-loop-helix transcription factor Math1 is a good candidate mediator of cell lineage function because it is required to specify intestinal secretory cells. Math1 Ϫ/Ϫ secretory progenitors differentiate into enterocytes (10, 11) . Moreover, an inverse relationship between Math1 expression and Notch activity is well documented. Loss of Notch function induces Math1 expression in intestinal crypts (5) , and gain of Notch activity represses Math1 expression (7) . Two groups recently reported that Math1 Ϫ/Ϫ intestines resist the goblet cell metaplasia effects of ␥-secretase inhibitors (12, 13) . Although the latter studies support the idea that Math1 functions downstream of Notch signaling in allocating intestinal epithelial lineages, they lacked the design necessary to establish a definitive epistatic relationship. Furthermore, because the full spectrum of ␥-secretase inhibitor activity is unknown, it remains uncertain if the distinct Notch functions in cell replication and differentiation channel through the same downstream effectors. Genetic analysis should help overcome these limitations.
We used a genetic approach to determine how Notch might accomplish its diverse intestinal functions, studying condi-* This work was supported, in whole or in part, by National Institutes of Health Grant R01DK081113 (to R. A. S.). This work was also supported by a gift from the Caring for Carcinoid Foundation. tional compound mutant mice that lack intestinal expression of both RBP-J, the core transcriptional effector of Notch signaling (14) , and Math1. Combined genetic loss of Math1 and RBP-J completely rescued both the secretory cell metaplasia and cell cycle arrest that occur with isolated loss of RBP-J. Surprisingly, predictable loss of expression of the Notch target and effector product Hes1 in RBP-J-null intestines was also restored in the absence of Math1, indicating complex pathway interactions. Finally, we uncovered regional differences in the effects and mechanisms of Notch activity in the proximal and distal intestine. On a wild-type Math1 background, although loss of RBP-J/Notch activity rapidly induced Math1 in crypts throughout the intestine, the cell cycle regulator p27 Kip1 appeared only in the duodenum and not in the ileum, whereas p57
Kip2 appeared in the ileum and not in the duodenum. Abnormal activation of these presumptive direct Hes1 target genes was abrogated in intestines doubly deficient for RBP-J and Math1.
Our results establish a bona fide genetic hierarchy wherein Notch signaling inhibits secretory cell differentiation and stimulates crypt cell proliferation through obligate repression of Math1. Downstream of this unifying molecular mechanism, Notch activity represses distinct cell cycle inhibitors to regulate crypt cell replication in the proximal and distal intestine.
EXPERIMENTAL PROCEDURES

Experimental Animals and Drug Administration-Math1
Fl and
ROSA26
Lox-Stop-Lox-EYFP mice were purchased from The Jackson Laboratories (Bar Harbor, ME). RBP-J Fl mice (15) were generously provided by S. Artavanis-Tsakonas, with permission from T. Honjo. Villin-Cre (ER-T2) transgenic mice (16) were kindly provided by S. Robine. Cre recombinase was induced by 5 consecutive days of intraperitoneal injection of tamoxifen (Invitrogen), 1 mg dissolved in 10% ethanol and sunflower oil; mice were euthanized 4 days after the last injection. BrdU (BD Biosciences, 50 mg/kg) was injected into the peritoneum of adult mice 1 h before euthanasia. The ␥-secretase inhibitor dibenzazepine was synthesized at Syncom (Groningen, Holland), suspended in 0.5% (w/v) hydroxypropylmethylcellulose (Methocel E4M, Dow Chemicals, Michigan) and 0.1% (w/v) Tween 80 in water, and injected into the peritoneum of adult mice at the indicated doses.
Histology and Immunohistochemistry-Paraffin-embedded 5-m sections of tissues previously fixed in 4% paraformaldehyde overnight at 4°C were rehydrated, stained in Alcian blue solution (pH 2.5), and counterstained with nuclear fast red. For immunohistochemistry, antigens were retrieved in 10 mM Na citrate buffer (pH 6.0), and endogenous peroxidase activity was blocked in methanol and 3% H 2 
RESULTS
Notch Signaling Inhibits Differentiation of All Secretory Cell Types, with Regional Differences along the Intestinal Length-
Genetic inhibition of Notch signaling arrests crypt cell proliferation and causes profound goblet cell metaplasia but is reported to affect other secretory lineages minimally, if at all (5). Because accurate assessment of Notch function requires distinction between unilineage and multilineage effects, we critically examined all secretory cell types in a genetic model for the loss of Notch signaling. We used a conditional, Cre recombinase-dependent allele of the core Notch transcriptional effector RBP-J (15) and Villin-Cre (ER-T2) transgenic mice (16) , which respond to tamoxifen with efficient activation of Cre throughout the small bowel epithelium. In addition to a massive increase in goblet cells (see Alcian blue (AB) staining in Fig. 2A ), similar to the scale reported previously (5), tamoxifen-treated
;Villin-Cre (ER-T2) mice also showed increased fractions of EE and Paneth cells ( Fig. 1) , confirming that Notch signaling normally represses all intestinal secretory lineages. Furthermore, loss of Notch activity had quantitatively different effects in the proximal and distal gut. The numbers of EE cells marked by ChromograninA expression were increased 4-fold in the duodenum, compared with 1.5-fold in the distal ileum. In contrast, cryptdin-expressing Paneth cells were increased about 2.5-fold in the ileum but less than 2-fold in the duodenum (Fig. 1) . This variation mirrors basal differences in cell proportions in the small intestine, where EE cells are more plentiful in the duodenum and Paneth cells more so in the ileum (17, 18) . Exposure of wild-type mice to the Notch/␥-secretase inhibitor dibenzazepine (19) also increased the numbers of all intestinal secretory cells (supplemental Fig. 1 ), as recently reported in mice treated with a different inhibitor, GSI-20 (12) . Thus, Notch inhibition affects the full secretory lineage, with discernible differences between the proximal and distal intestine.
Epistatic Test of the Role of Math1 in Notch Signaling and in the Choice between Secretory or Absorptive Cell Differentiation-The basic helix-loop-helix transcription factor
Math1 is required for differentiation of all intestinal secretory cells, possibly at the level of specifying a common secretory progenitor (10, 11) . Moreover, intestinal Math1 expression levels drop upon Notch pathway activation and increase when Notch signaling is blocked (5, 7). Our analysis of Math1 expres-sion in mice treated with dibenzazepine confirmed the latter result (supplemental Fig. 2 ). We therefore postulated that the increase in numbers of all secretory cell types after Notch inhibition ( Fig. 1) 
;ROSA26
Lox-Stop-Lox-EYFP mice verified efficient Cre activation throughout the small bowel epithelium (supplemental Fig.  3) .
In both the duodenum and ileum, the goblet cell metaplasia that always followed tamoxifen treatment of RBP-J Fl/Fl ;VillinCre (ER-T2) mice was completely absent when the Math1 gene was also disrupted (Fig. 2A) (Fig. 2A) . This phenocopy of the absence of Math1 reveals a crucial requirement for Math1 in the full effect of Notch inhibition on secretory cell differentiation and establishes that Math1 is epistatic to Notch signaling in secretory cell specification.
Although high Notch activity is necessary for enterocyte differentiation in Drosophila (20) (22, 23) . Notch pathway inhibition could block cell proliferation either by virtue of an intrinsic role in progenitor cells, as is commonly assumed (9), or as a secondary consequence of excessive, Math1-dependent secretory cell differentiation. Although secretory cells are totally absent in Math1 Ϫ/Ϫ mice, cell proliferation is affected only subtly (10, 11), making Math1 repression an improbable mediator of the cell proliferation effects of Notch signaling. We monitored cell proliferation using the S-phase reagent bromodeoxyuridine (BrdU), whose transit-amplifying progenitors lying near the base of small intestine crypts incorporate rapidly (Fig.  3) . In the absence of RBP-J, BrdU uptake was significantly reduced in all crypts and absent from many. The few remaining BrdU ϩ cells were positioned higher in the crypts because of an expanded Paneth cell compartment at the base (Fig. 3) . To our surprise, the cell cycle effects of isolated RBP-J loss were, like the secretory cell metaplasia, also fully rescued in RBP-J Fl/Fl ; Math1
Fl/Fl; Villin-Cre (ER-T2) intestines (Fig. 3) . In fact, compared with the wild-type distal ileum, pulse BrdU labeling revealed an approximately 30% increase in the fraction of cycling RBP-J and Math1-double deficient cells, a value very similar to the increased fraction of cycling cells in Math1-deficient intestines (Fig. 3) . These results establish that Math1 is also epistatic to Notch signaling for intestinal crypt cell proliferation.
Math1 haplodeficiency was inadequate to rescue the intestinal epithelial defects associated with absence of Notch signaling. ) mice showed a persistent and considerable excess of all intestinal secretory cell types, although goblet cell numbers were slightly reduced compared with their Math1 ϩ/ϩ counterparts, and minimal BrdU uptake (supplemental Fig. 4) .
Unexpected Hes1 Expression with Combined Absence of Notch Signaling and Math1-To investigate how Math1 might implement a cell cycle arrest in the absence of Notch activity, we first examined expression of Hes1, which has been characterized extensively as a target and effector of Notch signaling in many tissues (24, 25) . However, mice with forebrain-specific knockout of RBP-J show loss of Hes5 but retain normal Hes1 expression (26) , indicating that in certain contexts Hes1 can be expressed independent of Notch signaling and RBP-J. Furthermore, Math1 depletion in cultured colon cancer cells results in Hes1 overexpression (12) . We therefore considered the possibility that Math1 might normally inhibit Hes1 independent of RBP-J activity. As expected for a Notch target gene, and compared with wild-type controls, Hes1 expression was virtually absent in RBP-J Ϫ/Ϫ mice in both the proximal and distal intestine (Fig. 4A) . To our surprise, Hes1 expression recovered significantly in RBP-J Ϫ/Ϫ ;Math1 Ϫ/Ϫ mice, indicating derepression in the absence of Math1. These results reveal an unexpectedly complex interplay among transcription factors acting downstream of Notch signaling (Fig. 4B) . In particular, whereas Hes1 is widely considered an obligate effector and target of Notch activity, and our genetic analysis reveals Math1 as a second obligate effector in the intestine (Figs. 2-3) , these data suggest a separate, repressive effect of Math1 over Hes1 expression in intestinal crypts.
Regional Differences in Expression of Cell Cycle Regulators Downstream of Notch and Math1-Hes1 behaves as a transcriptional repressor and its gene targets include the cell cycledependent kinase inhibitors p27
Kip1 and p57 Kip2 . Expression of these cell cycle regulators often increases when Notch signaling is blocked (27) (28) (29) , suggesting a Hes1-dependent molecular pathway in replication of intestinal epithelial progenitors. To appreciate the basis of cell proliferation effects in RBP-J and Math1 mutant intestines, we examined p27
Kip1 and p57 Kip2 expression. Isolated, tamoxifen-induced loss of RBP-J resulted in a robust increase in crypt cell expression of p27 Kip1 in the duodenum but not in the ileum. Conversely, p57
Kip2 expression was markedly increased in ileal but not in duodenal crypts (Fig.  5) . This aberrant activation of cell cycle inhibitors and known Hes1 targets was fully reversed in the intestines of tamoxifentreated RBP-J Fl/Fl ;Math1 Fl/Fl ;Villin-Cre (ER-T2) mice (Fig. 5) . These results reveal regionally distinct mechanisms acting downstream of Notch and implicate Math1 in regulating p27 Kip1 and p57 Kip2 expression.
DISCUSSION
Although early insights into Notch pathway functions in the intestine drew on genetic mouse models, recent conclusions regarding the role of the transcription factor Math1 rely mainly 
Notch-Math1 Epistasis in Intestinal Functions
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Fl/Fl mice clarifies Notch functions in this tissue and provides firm genetic evidence for repression of Math1 as a core molecular mechanism controlling both proliferation and fate selection in progenitor cells. Furthermore, we show that Notch-mediated repression of Math1 inhibits differentiation of all secretory cell types but is not required for de novo specification or maturation of enterocytes, implying that absorptive cells may represent a default, Notch-independent lineage. Whereas absence of secretory cell differentiation in the absence of both RBP-J and Math1 may have been predictable from the known phenotype of Math1 Ϫ/Ϫ mice (10), there was little precedent to expect that absence of Math1 would also fully rescue the dramatic crypt cell proliferation arrest that occurs upon interference with Notch activity. Our results with genetic crosses and epistasis hence place Math1 at a crucial juncture downstream of Notch signaling in the intestinal epithelium. Its obligate repression serves as the predominant mode of action both in specifying the secretory lineage and in forcing crypt progenitors to exit the cell cycle.
In principle, it is formally possible that Math1 acts independent of Notch signaling and that loss of Math1 function somehow masks both the cell cycle arrest and secretory metaplasia induced by Notch inhibition. However, this is highly unlikely in light of the known inverse relationship between Math1 expression and Notch activity (5, 7) and the resistance of Math1-null mice to the intestinal effects of ␥-secretase inhibitors (12, 13) , findings that support a role for Math1 directly downstream of Notch. Moreover, VanDussen and Samuelson (30) recently showed that overexpression of Math1 in the intestines of transgenic mice induces secretory metaplasia, nearly complete enterocyte loss, and dramatically reduced epithelial proliferation. These defects exactly match those observed upon loss of Notch activity and provide additional in vivo evidence that intestinal Math1 functions are linked to Notch signaling. Taken together, the weight of evidence hence strongly favors a direct role for Math1 in mediating intestinal Notch functions.
In the combined absence of RBP-J and Math1, we also observed that Hes1 expression, normally lost in the absence of Notch activity, was restored, revealing a surprising regulation of Hes1 expression by Math1 in intestinal crypt cells. One unifying possibility is that all intestinal Notch effects, including Hes1 expression, channel through Math1. However, because Hes1 appears to be a nearly universal Notch target, even in tissues lacking Math1, we favor the alternative model depicted in Fig. 4B . In this model, Hes1 is a direct Notch target, whereas Math1, another downstream effector of Notch signaling, may be regulated directly or indirectly, perhaps even through Hes1. Moreover, Math1 mRNA levels are increased in Hes1 Ϫ/Ϫ mice (4), suggesting the possibility of mutual repression. The surprising result from our study is that Math1 suppresses Hes1 expression independent from Notch activity and that absence of Math1 allows Hes1 expression in RBP-J-deficient intestines. This result provides a satisfying explanation for the otherwise puzzling observation that Math1 loss rescues both the secretory differentiation and cell proliferation effects of the absence of Notch signaling.
The potent effect of Math1 loss on secretory cell differentiation in RBP-J-null intestine is readily explained by its known requirement in specification of secretory progenitors (10, 11) . However, at least when the Notch pathway is active, Math1 must exert only a subtle influence over crypt cell proliferation. Indeed, a measurable shortfall is elicited in Math1-null mice only when they are challenged with surgical bowel resection (11) . How then does the absence of Math1 restore normal crypt cell proliferation (Fig. 3) ? Notch-independent regulation of Hes1 and its downstream targets p27 Kip1 and p57 Kip2 by Math1 seems to provide at least a partial, and possibly complete, answer (Fig. 4B) . Expression of Hes1 and its target cell cycle-dependent kinase inhibitors seems to be critical, as their expression patterns mirror in vivo cell proliferation defects. We also observed differences along the rostrocaudal axis of the intestine, with selective expression of p27
Kip1 in duodenal crypts and of p57
Kip2 in ileal crypts in the absence of Notch signaling (Fig.  5) . Together with quantitative differences in Notch pathway effects on Paneth and EE cells in the duodenum and ileum (Fig.  1) , these results highlight the varied functions and mechanisms of an important signaling pathway in different segments of the digestive tract.
Notch and Wnt signaling are believed to cooperate in intestinal epithelial tumorigenesis (7, 22, 23) . Independently, silencing of the ATOH1 locus is reported in some human colorectal cancers, and Math1 loss enhances intestinal tumorigenesis in mice, implicating it as a tumor suppressor (31) . Recent evidence that Math1 is necessary to observe the growth and differentiation effects of ␥-secretase inhibitors in APC Min mice reinforces this idea (12) . Our results on Notch-dependent cell proliferation in a genetic mouse model further suggest that cooperation between Notch and Wnt signaling in intestinal tumorigenesis may occur through Math1 and reflect complex interactions with Hes1.
